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Abstract 
The dissolution of uranium carbide pods as surrogate of UC fuel was performed by adding calcium metal in nitric acid, 
individually or in conjunction with oxide WWER’s fuel. Extraction tests realized with the solution coming from the 
dissolution of the uranium carbide pods  under PUREX conditions demonstrated that the plutonium remained in the aqueous 
phase. According to literature, it was found that it is connected with the formation of water-soluble organic compounds during 
the disslution. Extraction test performed on solutions coming from the dissolution a mix of uranium-carbide and oxide fuel 
(WWER) showed a complete extraction of uranium and plutonium and no plutonium retention of in the organic phase at the 
stripping step. 
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  Introduction
Features of carbide fuel behaviour under processing were identified in the 1960s, when nuclear power was just 
beginning to develop [, ]. In recent years, interest in dense fuel, including uranium carbide, rose again, and it is 
connected, first of all, with the developments in the field of fast reactor technology, both in our country and 
abroad (France, India, China). For fast reactors, mixed fuels based on UO2, UC, or UN were considered as 
promising [, ]. It led to emergence of new research field in order to establish the scientific principles for the 
processing technology of irradiated mixed carbide fuel based on uranium [, , , ]. Moreover, India has 
successfully carried out processing of mixed (U, Pu)-carbide spent fuel over the past few years with burn-up 
higher than 100 GW [, ]. Thus, solving the problems associated with processing of SNF based on the UC is 
very relevant to date. In addition, to enable processing of the entire range of AMB SFA at FSUE PA Mayak and 
to develop technology for radiochemical reprocessing of uranium-carbide SNF is also an issue. At the same time 
the technology under development must be adapted to most of the existing technologies of SNF dissolution and 
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coolant water
extraction already existing at the RT-1 plant of the Federal State Unitary Enterprise Mayak. The purpose of this 
paper is to study the effects of water-soluble organic compounds generated by dissolving pods of uranium 
carbide fuel on the major stages of Purex-process.

Nomenclature 
SFA  spent fuel assembly 
SNF  spent nuclear fuel 
WSOC  water-soluble organic compounds 
TBP tributyl phosphate 
AMB  from Russian “Atom Peaceful Big” (water-cooled graphite-moderated reactor) 
WWER from Russian water-water power reactor 
2. Experimental part 
Experimental procedure.  
To test dissolution modes, a laboratory facility was installed. Diagram of the laboratory setup is shown in Fig. 1. 
 
 
 
 
 
 
 
Fig. 1. Scheme of  laboratory setup dissolution  
 1 - dissolution reactor, 2 - water bath, 3 - reflux, 4 - alkaline trap, 5 - Wolf’s bottle, 6 - measuring cylinder 
The 200 ml dissolving reactor (1) was heated in a water bath (2) up to a temperature of 90 °C. The 
temperature was controlled by a mercury thermometer. Dissolving reactor was linked to a reflux (3) for the 
condensation and recycling of nitric acid. Reflux was cooled with running water. The gases generated during the 
dissolution process passed through an alkaline trap (4) after the reflux and came into the upper tube Wolf’s bottle 
(5). Liquid from the Wolf’s bottle displaced with un-adsorbed gas was collected in the measuring cylinder (6).  
2.1 Dissolution of carbide simulator AMB SNF 
SNF tablets of non-irradiated uranium carbide fuel were used as uranium-carbide simulator of AMB for the 
the dissolution studies. The geometrical dimensions of tablets were: diameter 7.2 mm, height 8.5 mm, weight 
~3.5 g. 
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The dissolution of uranium-carbide fuel tablets was performed at 90 °C in the presence of Ca (UC + Ca) in a 
water bath at ~ 10 mol/l of nitric acid with an estimated nitric acid solution of ~ 3 mol/l and a U concentration 
from 250 to 300 g/l. The mass of calcium was assumed to be at the rate of 90 kg/t U. 
Feeding material for the dissolving reactor was 10.43 g of uranium carbide and 0.97 g of metallic calcium. 
Dissolution was performed in 38 ml of nitric acid with a concentration of 9.9 mol/l at 90 °C. Following the 
addition of the nitric acid solution into the reactor loaded with fuel, there was vigorous gas emission and a self-
heating of the solution up to ~80 °C, which was the process of metallic calcium dissolution. Thereafter, heating 
of the water-bath was started. 15 min after the beginning of the dissolution at ~50 °C, the formation of a foaming 
solution was observed for about 2 times the  volume of the loaded nitric acid solution. 
After 25 min, the gaz release rate decreased significantly to stop after 2h of dissolution, indicating the process 
was over. The total volume of emitted gas amounted to ~ 4.1 litres. After cooling, the formation of a precipitate 
was observed. The residual concentration of nitric acid in the resulting solution was 2.8 mol/l, the uranium 
concentration was 303 g/l. In a day, yellow residue accumulated at the bottom of the dissolving reactor. This 
could have happened because of oxalic acid formation during the dissolution process [11,12]. The solution was 
analyzed after filtration. The concentration of uranium decreased to 280 g/l while the nitric acid concentration did 
not changed. 
2.2 Joint dissolution of uranium-carbide simulators of AMB and WWER SNFs 
The joint solution of the two fuels was carried out in relation to the content of uranium in WWER SNF: AMB 
SNF = 4:1 with addition of metallic calcium. The geometrical parameters of the WWER fuel simulator with 
fission products were: diameter - 7.8 mm, height - 11 mm, with an inner hole diameter of 1 mm. the tablet weight 
was ~5.2 g. The composition of the WWER SNF simulator is shown in Table 1. 
Table 1. Elemental composition of tablets, WWER SNF simulators 
Element U La Ba Zr Mo Cs Pd 
Mass fraction, % 79.9 3.60 0.80 0.60 0.11 0.53 0.43 
 
Joint dissolution of WWER SNF & AMB SNF simulators was performed at 90 °C in the water bath with the 
expected resulting solution containing 300 g/l of uranium and 4.0 mol/l of residual nitric acid. 3.5 g of tablet 
uranium-carbide AMB SNF simulator, 0.3 g of metallic calcium, 16.5 g of tablet WWER SNF simulator and 55 
ml of nitric acid of 9.3 mol/l were taken. 
Dissolution was carried out according to the previous description. Foaming of the solution within 15 minutes 
after dissolution reached ~ 1 volume of initial nitric acid load. Gas emission stopped after 2 hours. The total 
volume of emitted gas amounted to ~ 3.2 litres. After cooling and after 1 day, no precipitate was observed in the 
solution. The residual concentration of nitric acid in the resulting solution was 4.1 mol/l, the uranium 
concentration was 303 g/l, and concentration of the fission products was:  Ɇɨ – 0.4 g/l; Zr – 1.7 g/l; Lɚ – 11 g/l; 
Pd – 1.3 g/l; Ba – 0.7 g/l. 
3. Study of uranium and plutonium extraction from the uranium-carbide solution-simulator of AMB SNF 
The extraction was carried out from two types of solutions: 1) Simulating solution of dissolved uranium 
carbide fuel for AMB and 2) co-dissolved simulator of irradiated WWER fuel uranium at the ratio of 1 to 4, 
respectively. Before the experiment, a reserve plutonium nitrate solution was added to the solutions. The organic 
phase was a solution of 30% TBP in isoparaffin diluent. The ratio of 3 between organic and aqueous phases was 
chosen. Experiments were carried out under normal conditions. 
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Extraction experiments were carried out in graded plastic tubes of 13 ml. Separation and phase transfer were 
done with a glass capillary.  
For the first experiment, initial solution with uranium concentrations of - 280 g/l, Pu – 1.39 g/l, HNO3 – 2.8 
mol/l (AMB) was used.  The calculated concentration of oxalic acid was 28.1 g/l. Tables 2 and 3 show the results 
of an experiment on saturation of the organic phase for the four initial contacts with the aqueous solution. 
Table 2. Concentrations of metals and nitric acid in water (aq.) and organic (or.) phases at the saturation limit of the organic phase 
(WCGMPTR) 
Contact # 1 2 3 4 
Phase Aq. Or. Aq. Or. Aq. Or. Aq. Or. 
Pu g/l 1.01 0.16 1.18 0.23 1.25 0.27 1.35 0.23 
U g/l 29.0 90.0 177.0 123.1 300.6 114.3 321.0 100.9 
HNO3, mol/l 2.5 0.1 2.9 0.1 2.9 0.1 2.9 0.1 
 
Experiments were performed in order to maximize the recovery of metals of the organic phase from aqueous 
phase (AMB) for the three contacts. Results are shown in Tables 4 and 5. The aqueous phase is contacted with a 
new organic phase for each contact. 
Table 3. Distribution coefficients of metals and nitric acid at the limit of saturation of the organic phase (AMB) 
Contact # 1 2 3 4 
Pu 0.16 0.19 0.22 0.17 
U 3.10 0.70 0.38 0.31 
HNO3 0.04 0.04 0.04 0.04 
Table 4. Concentrations of metals and nitric acid in water (Aq.) and organic (OPh) phases (WCGMPTR) 
Contact # 1 2 3 
Phase Aq. Or. Aq. Or. Aq. Or. 
Pu g/l 1.01 0.16 0.95 0.04 0.90 0.01 
U g/l 29.3 88.0 9.1 10.5 6.3 7.2 
HNO3, mol/l 2.50 0.1 1.10 0.30 0.50 0.10 
Table 5. Distribution coefficients of metals and nitric acid (AMB) 
Contact # 1 2 3 
Pu 0.16 0.04 0.01 
U 3.00 1.15 1.15 
HNO3 0.04 0.27 0.20 
 
As can be seen from Tables 4 and 5, plutonium cannot be extracted from solutions based on the dissolution of 
AMB SNF only. Apparently, this is due to the plutonium complexation with oxalic acid formed during the 
dissolution of uranium carbide [13]. Studies on the influence of oxalic and mellitic acids on the extraction of 
uranium and plutonium have shown that mellitic acid has no appreciable effect (up to 0.3 mol/l) whereas oxalic 
greatly reduces the distribution coefficient of Pu (IV) when using 30% TBP solution [13, 14]. However, mellitic 
acid keeps the plutonium in the organic phase, preventing its stripping [13]. 
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In this regard, the authors of the paper [13] determined formation constants of oxalate complexes ȕi = [MH2-p 
(Ox) i] / [M] [H2-p (Ox)] i, where M - UO2 +2 and Pu (IV ), Ox - oxalate ion.  With an ionic strength of 4 mol/l (H, 
Na) NO3 for UO2+2 lg ȕ1 = 6.28, for Pu4+ lg ȕ1 = 8.30, and lg ȕ2 = 14.9. 
Using these values, a diagram presenting molar fraction of actinides among different forms depending on the 
concentration of oxalic acid (Figure 2) was plotted. It showed that from a mixed carbide solution with uranium 
concentration being 1 mol/l and acid of 4 mol/l, 9% of plutonium masses will be retained in raffinate for a 
concentration of oxalic acid of 0.01 mol/l. Up to 60% of Pu will be retained at 0.1 mol/l [14]. 
Extraction Studies were also performed with the solution of combined WWER and AMB fuel dissolution (U - 
323 g/l; Pu – 1.39 g/l; HNO3 -4.0 mol/l). The concentration of nitric acid was increased (compared with a 
solution of AMB) to reduce the complexing ability of oxalic acid. The expected concentration of oxalic acid was 
5.5 g/l. We studied the extraction of uranium and plutonium for complete extraction into the organic phase during 
four contacts. Table 6 shows the equilibrium concentrations at each contact. Table 7 shows the distribution 
coefficients. Unlike the first experiment (Tables 4 and 5) plutonium and uranium were completely extracted. This 
is probably due to three factors: 
x The reduction of the oxalic acid concentration and other WSOC due to reduction of the uranium fraction from 
carbide SNF in solution with the same concentration of uranium; 
x The increase in acidity of the solution; 
x The introduction of fission products (in particular zirconium) into the solution, which were capable to form 
more stable complexes with oxalic acid. 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Effect of oxalic acid on the distribution of forms of uranium (VI) and Pu (IV) in 4 mol/l nitric acid 
Table 6. Concentrations of metals and nitric acid in water (Aq.) and organic (OPh) phases (WCGMPTR + WWER) 
Contact # 1 2 3 4 
Phase Aq. Or. Aq. Or. Aq. Or. Aq. Or. 
Pu, mg/l 171 420 43 49 28 7 20 3 
U g/l 53 90 12 13 - 5 - - 
HNO3, mol/l 3.8 0.1 2.5 0.4 1.3 0.3 0.5 0.1 
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Table 7. Distribution coefficients of metals and nitric acid while extracting elements from the water phase (AMB + WWER) 
Contact # 1 2 3 4 
Pu 2.46 1.14 0.25 0.15 
U 1.70 1.08 - - 
HNO3 0.03 0.16 0.23 0.2 
 
To study the stripping process, the following composition was taken: U - 90 g/l; Pu - 420 mg/l; HNO3 -  0.1 
mol/l. A solution of nitric acid with a concentration of 0.05 mol/l was used as stripping solution . The ratio of 
organic and aqueous phases was chosen equal to 1. A new stripping solution was used solution each time. A total 
of four contacts were performed. Table 8 shows the distribution coefficients and the equilibrium concentration of 
plutonium. Re-extraction of plutonium was nearly complete.  
Table 8. Distribution ratios and concentrations of plutonium in water (Aq.) and organic (OPh) phases (WCGMPTR + WWER) at the stripping 
Contact # 1 2 3 4 
Phase Aq. Or. Aq. Or. Aq. Or. Aq. Or. 
Pu, mg/l 284 139 96 38 21 15 7 7 
D 0.49 0.40 0.71 1.00 
 
Conclusion 
It was established that while extracting individual solution of AMB SNF (2.8 mol/l HNO3, 280 g/l U), there 
was almost no extraction of plutonium in the organic phase. This is probably due to the presence of large 
amounts of oxalic acid. 
When the solution comes from the dissolution of WCGMPTR and WWER SNF at a ratio of 1: 4 (4.0 mol/l 
HNO3, 300 g/l U), plutonium and uranium have been completely extracted. Retention of plutonium in the organic 
phase was not observed. 
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